TITLE OF THE INVENTION 
PHOTOMASK DESIGNING METHOD, PATTERN PREDICTING METHOD 
AND COMPUTER PROGRAM PRODUCT 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application is based upon and claims the 
benefit of priority from the prior Japanese Patent 
Application No. 2002-287363, filed September 30, 2002, 
the entire contents of which are incorporated herein by 
reference . 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a designing 
method of a photomask used in a lithography process 
for a semiconductor device, a method for predicting 
a pattern formed in the lithography process and 
a computer program product. 

2. Description of the Related Art 

In the photolithography step which is one of 
the manufacturing steps of a semiconductor device, 
an exposure device is used. Exposure light, for 
example, ArF excimer laser light, is illuminated on 
the photomask by use of the exposure device and 
an image of a mask pattern is reduced and projected 
onto the surface of a substrate which is coated with 
photosensitive resin (photoresist) . 

The exposure light illuminated on the photomask is 
diffracted by the mask pattern. The diffracted light 



passes through a projecting lens and is converged on 
the substrate. Then, an interference pattern which is 
called an optical image is formed near the surface of 
the substrate. The photoresist is exposed to light 
along the interference pattern. 

A fine pattern is formed on the surface of the 
substrate by subjecting the exposed substrate to a 
developing process. The fine pattern forming technique 
is improved year by year. In recent years, a resist 
pattern with a dimension smaller than 130 nm can be 
formed. 

In order to form the fine resist pattern, it is 
important to control the exposure light amount 
(exposure dose) . The photoresist can be properly 
exposed to light by exposing light of proper light 
intensity and, as a result, a resist pattern of 
a desired dimension can be formed on the substrate. 

A resist pattern of a desired dimension cannot 
be formed if the exposure light amount is excessively 
larger or smaller. If the resist pattern of the 
desired dimension is not formed, a semiconductor device 
manufactured via steps performed after the photolitho- 
graphy process is not correctly operated. As a result, 
the semiconductor device is treated as a faulty device. 

Therefore, in the manufacturing process, the 
dimension of the resist pattern is measured by use of, 
for example, an electron microscope after the exposure 



step. If the dimension is not a desired value, the 
photoresist is removed and then the process is started 
again from the beginning of the photolithography step. 

An area which is simultaneously exposed by use of 
the exposure device is a rectangular form having one 
side of several tens of mm. One or more semiconductor 
devices are formed in the above area (simultaneously 
exposed area) . Therefore, it is necessary 'to set the 
dimension of the resist pattern to a desired value in 
the entire portion of the simultaneously exposed area. 

Generally, various patterns such as densely 
crowded patterns and isolated patterns are contained 
in patterns which can be transferred by one exposure 
process. When patterns with a dimension which is 
equivalent to or smaller than the exposure light 
wavelength are formed, not all of the patterns can be 
formed with desired dimensions even if the shape of the 
mask pattern is made similar to the shape of the resist 
pattern to be formed. That is, even if the dimension 
of the mask pattern is set to a dimension calculated by 
dividing the dimension of the resist pattern by the 
reduction rate of the projecting lens, not all of the 
patterns can be formed with the desired dimension. 

Therefore, for example, in order to form or finish 
the densely crowded patterns and isolated patterns to 
have the same resist dimension, the mask pattern 
designing dimension corresponding to the densely 
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crowded patterns and the mask pattern designing 
dimension corresponding to the isolated patterns 
are respectively changed to mask pattern designing 
dimensions of values different from dimensions 
calculated by dividing the dimensions of the resist 
patterns by the reduction rate of the projecting lens. 
The amount of a change of the mask pattern designing 
dimension is called the mask bias. The resist 
finishing dimension can be adjusted by changing the 
mask bias according to the pattern types. 

In the actual exposure device, a phenomenon 
wherein the amplitude of light is attenuated by 
different amounts depending on the paths through which 
the light passes (which is hereinafter referred to as 
15 a pupil transmission factor variation) occurs. This is 

caused by non-uniformity of an anti-reflection film 
of a lens configuring the projection optical system 
or a lowering in the transmission factor due to the 
thickness of the lens as is described in Jpn. Pat. 
20 Appln. KOKAI Publication No. H9-63943, for example. 

If the paths for diffraction light in the 
projection optical system are different, generally, 
the angle of the diffraction light incident on the 
projection lens and the distance through which the 
25 diffraction light passes through the projection lens 

will be changed. Therefore, the transmission factor of 
the projection optical system is changed depending on 
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the paths for the diffraction light. Particularly, in 
fused silica which is generally used as a lens material 
at present, the transparency thereof tends to become 
lower for light with the wavelength shorter than 200 nm 
as the wavelength becomes shorter. Therefore, the 
pupil transmission factor variation indicates 
a particularly large value in the ArF exposure device 
(the exposure light wavelength is 193 nm) . 

The paths through which diffraction lights 
pass are different depending on the mask patterns. 
Therefore, when the pupil transmission factor variation 
occurs in the projection lens, the transmission factor 
of the projection optical system receives different 
influences depending on the mask patterns. As a 
15 result, the optimum exposure light amount set to finish 

the resist pattern to a desired dimension is changed. 
In addition, the degree of the change becomes different 
depending on the pattern types, for example, between 
the densely crowded patterns and the isolated patterns. 
20 Therefore, even when the mask biases of the 

respective patterns are designed to simultaneously 
finish the densely crowded patterns and the isolated 
patterns to desired dimensions, there occurs a 
possibility that the densely crowded patterns and the 
25 isolated patterns may not be simultaneously finished to 

the desired dimensions if the pupil transmission factor 
variation is not taken into consideration. 
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In order to prevent occurrence of the above 
problem in advance, a method for preparing in advance 
a plurality of photomasks having different mask biases 
and deriving optimum mask bias based on trial and error 
is considered. However, a relatively long time and 
high cost are required to realize the above method and 
the method cannot be used as a practical solution. 

Further, in order to prevent an influence by the 
pupil transmission factor variation, a method for 
measuring the degree of a pupil variation rate of the 
projection optical system, predicting an optical image 
on a photosensitive substrate based on the result of 
measurement and designing a photomask to make the 
predicted optical image and the designed optical image 
15 coincident to each other is considered. 

The measuring method of the degree of the pupil 
transmission variation rate is disclosed in Jpn. Pat. 
Appln. KOKAI Publication No. 2001-230179, for example. 
By carrying out the measuring method, the distribution 
of transmission factors in a plurality of points on 
a pupil coordinate system can be understood. 

In the conventional measuring method, data of the 
pupil transmission factor variation is matrix data on 
a pupil plane. Therefore, when the pupil transmission 
25 factor variation varies in a complicated fashion on 

the pupil plane, the data amount which is required to 
be processed becomes extremely large. Therefore, an 
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optical image predicting method carried out based on 
the measurement result of the conventional measuring 
method and the photomask designing method using the 
optical image predicting method cannot be used as 
practical methods . 

BRIEF SUMMARY OF THE INVENTION 
According to an aspect of the present invention, 
there is provided a photomask designing method used 
in a lithography process, the lithography process 
comprising illuminating light on a photomask and 
converging the light which has passed through 
the photomask on a photosensitive substrate via 
a projection optical system, the photomask designing 
method comprising: acquiring a transmittance 
characteristic of the projection optical system, the 
characteristic varing depending on a difference in 
optical paths of light in the projection optical 
system, the light passing through the projection 
optical system, and acquiring mask bias of the 
photomask by use of the transmittance characteristic 
of the projection optical system. 

According to another aspect of the present 
invention, there is provided a pattern predicting 
method for predicting a pattern to be formed on a 
photosensitive substrate, the pattern being formed by 
illuminating light on a photomask and converging the 
light which has passed through the photomask on the 



photosensitive substrate via a projection optical 
system, the pattern predicting method comprising: 
approximating a transmission factor variation of the 
projection optical system by use of an orthogonal 
polynomial defined by pupil coordinates of the 
projection optical system, the transmission factor 
varing depending on a difference in optical paths of 
light in the projection optical system, the light 
passing through the projection optical system, and 
predicting the pattern based on expansion coefficients 
of the orthogonal polynomial, the expansion 
coefficients approximating the transmission factor 
variation of the projection optical system. 

According to another aspect of the present 
invention, there is provided a photomask designing 
method used in a lithography process, the lithography 
process comprising illuminating light on a photomask 
and converging the light which passes through the 
photomask on a photosensitive substrate via a 
projection optical system, the photomask designing 
method comprising: approximating a transmission factor 
variation of the projection optical system by use of 
an orthogonal polynomial defined by pupil coordinates 
of the projection optical system, the transmission 
factor varing depending on a difference in optical 
paths of light in the projection optical system, the 
light passing through the projection optical system, 
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predicting a pattern formed by converging the light 
having passed through the photomask on the photo- 
sensitive substrate via the projection optical system 
based on expansion coefficients of the orthogonal 
polynomial, the expansion coefficients approximating 
the transmission factor variation of the projection 
optical system, determining whether a difference 
between the predicted pattern and a designed pattern 
corresponding to the photomask lies within a predeter- 
mined range or not, and correcting the photomask to set 
the difference between the predicted pattern and the 
designed pattern into the predetermined range when the 
difference does not lie within the preset range. 
According to another aspect of the present 
15 invention, there is provided a computer program product 

configured to store program instructions for execution 
on a computer system enabling the computer system to 
perform a process for predicting a pattern to be formed 
on a photosensitive substrate, the pattern being formed 
20 by illuminating light on a photomask and converging the 

light which has passed through the photomask on the 
photosensitive substrate via a projection optical 
system, wherein the predicting the pattern comprising: 
approximating a transmission factor variation of the 
25 projection optical system by use of an orthogonal 

polynomial defined by pupil coordinates of the 
projection optical system, the transmission factor 
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variation varing depending on a difference in optical 
paths of light in the projection optical system, the 
light passing through the projection optical system; 
and predicting the pattern based on expansion 
coefficients of the orthogonal polynomial, the 
expansion coefficients approximating the transmission 
factor variation of the projection optical system. 

According to another aspect of the present 
invention, there is provided a computer program product 
configured to store program instructions for execution 
on a computer system enabling the computer system to 
perform a process for designing a photomask used for a 
lithography process, the lithography process including 
illuminating light on the photomask and converging 
the light having passed through the photomask via the 
projection optical system, wherein the designing the 
photomask comprising: approximating a transmission 
factor variation of the projection optical system by 
pupil coordinates of the projection optical system, the 
transmission factor varing depending on a difference 
in optical paths of light in the projection optical 
system, the light passing through the projection 
optical system, predicting a pattern formed by 
converging the light having passed through the 
photomask on the photosensitive substrate via the 
projection optical system based on expansion 
coefficients of the orthogonal polynomial, the 



expansion coefficients approximating the transmission 
factor variation of the projection optical system, 
determining whether a difference between the predicted 
pattern and a designed pattern corresponding to the 
photomask lies within a predetermined range or not, and 
correcting the photomask to set the difference between 
the predicted pattern and the designed pattern into the 
predetermined range when the difference does not lie 
within the preset range. 
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
FIG. 1 is a schematic configuration view showing 
one example of a reduction type projection exposure 
device; 

FIG. 2 is a view schematically showing a state in 
which three diffraction lights emitted on a photomask 
pass through different points on a pupil plane and 
reach one image point on a photosensitive substrate; 

FIGS. 3A and 3B are diagrams showing the 
amplitudes of diffraction lights before they are 
incident on the projection optical system and after 
they pass through the projection optical system when 
a pupil transmission factor variation occurs; 

FIGS. 4A and 4B are views schematically showing 
a first line-and-space (L&S) pattern and optical paths 
of diffraction lights associated with the image forming 
process; 

FIGS. 5A and 5B are a view and diagram for 



illustrating a pupil transmittance variation 
characteristic; 

FIGS. 6A and 6B are views schematically showing 
a second L&S pattern and optical paths of diffraction 
lights associated with the image forming process; 

FIGS. 7A and 7B are views showing cases wherein 
optical paths in the projection optical system of 
diffraction light which reaches a portion near the 
center of a simultaneously exposed area and optical 
paths in the projection optical system of diffraction 
light which reaches a portion near the end of the 
simultaneously exposed area are different from each 
other; 

FIGS. 8A and 8B are a view and diagram showing 
a state in which the dimensions of a plurality of L&S 
patterns on the photosensitive substrate corresponding 
to a plurality of L&S patterns of the same dimension 
and shape in a simultaneously exposed area vary 
according to a pupil transmission factor variation; 

FIGS. 9A and 9B are a view and diagram showing 
a state in which a variation in the dimension of 
a plurality of L&S patterns on the photosensitive 
substrate corresponding to a plurality of L&S patterns 
of the same dimension and shape in a simultaneously 
exposed area even when a pupil transmission factor 
variation occurs by a method according to a second 
embodiment of the present invention; 



FIG. 10 is a flowchart for illustrating 
a photomask designing method according to a third 
embodiment of the present invention; 

FIG. 11 is a diagram showing the measurement 
result of a pupil transmittance variation distribution 
of light which reaches a plurality of points in 
a simultaneously exposed area on a photomask; 

FIG. 12 is a diagram showing one example of a 
pupil transmittance variation distribution correspond- 
ing to a second term of a Zernike series expansion; 

FIG. 13 is a diagram showing one example of a 
pupil transmittance variation distribution correspond- 
ing to a fourth term of the Zernike series expansion; 

FIG. 14 is a flowchart for illustrating an optical 
image predicting method according to a fourth 
embodiment of the present invention; 

FIG. 15 is a flowchart for illustrating a mask 
pattern forming method according to a fifth embodiment 
of the present invention; and 

FIG. 16 is a diagram showing another embodiment of 
the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 
There will now be described embodiments of the 
present invention with reference to the accompanying 
drawings . 

(First Embodiment) 

FIG. 1 is a schematic configuration view showing 



one example of a reduction type projection exposure 
device. In FIG. 1, a reference symbol 1 denotes 
an optical system for illumination, and reference 
symbols 2 to 4 respectively denote a fly's eye lens, 
illumination aperture (secondary light source plane) 
and condenser lens which configure the illumination 
optical system 1. 

Generally , illumination light emitted from the 
illumination optical system 1 is light whose wavelength 
lies within a range of 157 nm to 365 nm. The 
illumination light illuminates a square pattern area 
having one side of 10 cm on a photomask 5 with 
substantially constant illuminance . 

In the pattern area of the photomask 5, for 
example, a pattern having repetitiveness in one 
direction (linear pattern), an isolated pattern 
isolated from the surrounding patterns and a pattern 
having repetitiveness in two directions such as 
vertical direction, lateral direction or oblique 
direction (two-dimensional pattern) is arranged. 
The above pattern is configured by transparent regions 
and light shielding regions. In this case, it is 
possible to use semi-transparent regions instead of 
the light shielding regions (attenuated phase shift) . 

Light incident on the photomask 5 is diffracted 
by the above pattern (pattern surface 5a) and is 
then made incident on a projection optical system 6. 



- 15 - 



10 



The projection optical system 6 converges the incident 
light. An image of the photomask 5 is formed on 
a photosensitive substrate (wafer) 7 by the light 
converged by the projection optical system 6. 

If the reduction rate of the projection optical 
system 6 is M and when a pattern area illuminated on 
the photomask 5 is a sguare having each side of X [mm] , 
for example, a simultaneously illuminated area on 
the photosensitive substrate 7 becomes a square having 
each side of M-X [mm]. An exposure device having the 
reduction rate M of 1/4 or 1/5 is generally used. 

A diaphragm (diaphragm opening) which defines the 
effective size (diameter) of the projection optical 
system 6 lies in the internal portion of the projection 
15 optical system 6. A plane 8 on which the diaphragm 

opening lies is called a pupil or pupil plane. 

FIG. 2 is a view schematically showing a state 
in which illumination light 9 is made incident on the 
photomask 5, three diffraction lights emitted on the 
20 photomask 5 pass through different points on the pupil 

plane and reach one image point on the photosensitive 
substrate 7. 

In FIG. 2, LI to L3 indicate diffraction lights 
which pass through the photomask 5 and are not yet made 
25 incident on the projection optical system 6 and LI' to 

L3' indicate diffraction lights which have passed 
through the photomask 5 and have further passed through 



the projection optical system 6. 

When a pupil transmission factor ( transmittance) 
variation occurs in the projection optical system 6, 
the diffraction lights are attenuated by different 
amounts for the respective optical paths. As a result, 
the exposure light amount characteristic relating to 
the pattern transfer is different from that of a case 
wherein no pupil transmission factor variation occurs. 

FIGS. 3A and 3B show the amplitudes of the 
diffraction lights LI to L3 before they are made 
incident on the projection optical system 6 (FIG. 3A) 
and the amplitudes of the diffraction lights LI' to L3' 
after they have passed through the projection optical 
system 6 (FIG. 3B) when the transmission factor is 
different in the central portion and peripheral portion 
of the projection optical system 6. 

The transmission factor is different in the 
central portion and peripheral portion of the 
projection optical system 6. Therefore, the amplitudes 
of the diffraction lights LI' to L3' are attenuated 
after they have passed through the projection optical 
system 6. As a result, the amplitude ratios (light 
intensity ratios) of the diffraction lights LI' and L3' 
to the diffraction light L2' are different from the 
amplitude ratios of the diffraction lights LI and L3 to 
the diffraction light L2 . 

For example, it is considered that the ratio of 



the widths of the transparent region and the light 
shielding region in the photomask 5 is set to 1 : 1 under 
an illumination condition in which the illumination 
aperture 3 is small (approximately 0.3) . That is, it 
is considered that a line-and-space pattern (which is 
hereinafter referred to as a first L&S pattern) having 
a duty ratio of 0.5 and a line-and-space pattern (which 
is hereinafter referred to as a second L&S pattern) 
having a duty ratio of 0.5 and a repetitive interval 
shorter than that of the first L&S pattern are 
simultaneously reduced and projected onto two 
neighboring regions on the photosensitive substrate 7. 

FIGS. 4A and 4B are views schematically showing 
the first L&S pattern and optical paths of diffraction 
lights associated with the image forming process 
thereof. As shown in FIGS. 4A and 4B, a first L&S 
pattern 11 is configured by light shielding regions 13 
and transparent regions 14. 

Among the diffraction lights generated by the 
first L&S pattern 11, zero-order diffraction light 
and first-order diffraction light are mainly used to 
form an image. The amplitude ratio of the zero-order 
diffraction light and first-order diffraction light 
depends on the duty ratio. The ratio of the amplitude 
CO of the zero-order diffraction light to the amplitude 
CI of the first-order diffraction light is expressed by 
using the duty ratio (3 as follows. 



CO : CI = 1 : sin(nP) / (np) 

For example, CO : CI = 1 : 0.64 can be attained 
when the duty ratio is 0.5. 

Next, a pupil transmission factor variation of the 
projection optical system 6 is measured. In order to 
measure the pupil transmission factor variation, for 
example, a method disclosed in the first embodiment 
(paragraph numbers 0034 to 0049, FIGS. 1 to 4) of Jpn. 
Pat. Appln. KOKAI Publication No. 2001-230179, which is 
an invention by the chief inventor of the present 
application, is used as the known measurement method. 

In the above method, the transmission factor 
of the projection optical system 6 is derived for 
diffraction lights generated on the photomask 5 and 
passing through the projection optical system 6. 
Further, it becomes unnecessary to derive the 
transmission factor of the projection optical system 6 
for each photomask 5 to be used if the transmission 
factors of the projection optical system are derived 
for a large number of optical paths in the projection 
optical system 6 for light passing through the 
projection optical system 6. 

In the following explanation, it is assumed that 
the pupil transmission factor variation occurs so that 
the central portion of a pupil 15 of the projection 
optical system 6 will be most transparent and the 
amplitude transmission factor may become lower in 
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portions nearer to the ends of the pupil 15 as shown in 
FIGS. 5A and 5B as the measurement result of the pupil 
transmission factor variation. 

The amplitude ratio (CO : CI) of the zero-order 
5 diffraction light to the first-order diffraction light 

becomes equal to 1 : 0.64 before the diffraction lights 
are made incident on the projection optical system 6. 
The transmission factor of the optical path of the 
zero-order diffraction light caused by the first L&S 
10 pattern 11 is 1 (X=0) . 

In this case, if the amplitude transmission factor 
of the optical path of the first-order diffraction 
light caused by the first L&S pattern 11 is 0.9 (X=b) , 
the amplitude ratio (CO : CI) changes to 1 : 0.58 
15 immediately before the diffraction light which has 

passed through the projection optical system 6 reaches 
the photosensitive substrate 7. 

As a result, the state of an image is changed in 
comparison with a case wherein no pupil transmission 
20 factor variation occurs and the optimum exposure light 

amount used to form a pattern with a desired dimension 
is changed. 

FIGS. 6A and 6B are views schematically showing 
a second L&S pattern and optical paths of light 
25 associated with the image forming process. The path 

of the first-order diffraction light of the second 
L&S pattern 12 is different from the path of the 



first-order diffraction light of the first L&S 
pattern 11. 

The amplitude ratio (CO : CI) of the zero-order 
diffraction light to the first-order diffraction light 
becomes equal to 1 : 0.64 before the diffraction lights 
are made incident on the projection optical system 6. 
The transmission factor of the optical path of the 
zero-order diffraction light generated by the second 
L&S pattern 12 is 1 (X=0) . 

In this case, if the amplitude transmission factor 
of the optical path of the first-order diffraction 
light caused by the second L&S pattern 12 is 0.8 (X=a) , 
the amplitude ratio (CO : CI) of the diffraction lights 
changes to 1 : 0.51 immediately before the diffraction 
light which has passed through the projection optical 
system 6 reaches the photosensitive substrate 7. 

As a result, the state of an image is changed in 
comparison with a case wherein no pupil transmission 
factor variation occurs. More specifically, the 
optimum exposure light amount of the second L&S pattern 
12 varies and the variation amount thereof is different 
from the variation amount of the first L&S pattern 11. 

That is, in the above state, the second L&S 
pattern 12 becomes thin when the first L&S pattern 11 
is formed with a desired dimension. Further, when 
the second L&S pattern 12 is formed with a desired 
dimension, the first L&S pattern 11 becomes thick. 



Therefore, the first and second L&S patterns 11 and 12 
cannot be formed with desired dimensions at the same 
time . 

In order to solve the above problem, in this 
embodiment, mask biases which are the duty ratios of 
the first and second L&S patterns 11 and 12 in this 
example are adjusted. For example, the duty ratios 
of the first and second L&S patterns 11 and 12 are 
adjusted so that the amplitude ratio (CO : CI) of 
the zero-order diffraction light to the first-order 
diffraction light after they passed through the 
projection optical system 6 will be set to 1 : 0.64. 

That is, the amplitude ratio (CO : CI) of the 
zero-order diffraction light to the first-order 
diffraction light on the incident side may be set to 
1 : 0.71 in the first L&S pattern 11 and 1 : 0.8 in 
the second L&S pattern 12. This can be attained by 
setting the duty ratio of the first L&S pattern 11 to 
0.44 and setting the duty ratio of the second L&S 
pattern 12 to 0.36. 

If the duty ratios are thus set, the amplitude 
ratio (CO : Cl) of the zero-order diffraction light to 
the first-order diffraction light of the light which 
passed through the projection optical system 6 in 
the first and second L&S patterns 11 and 12 is set 
to 1 : 0.64. Therefore, it becomes possible to 
simultaneously form and finish a resist pattern (which 
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is hereinafter referred to as a first L&S resist 
pattern) corresponding to the first L&S pattern 11 and 
a resist pattern (which is hereinafter referred to as 
a second L&S resist pattern) corresponding to the 
second L&S pattern 12 to desired dimensions on the 
photosensitive substrate 7. 

As another method for finishing the first and 
second L&S resist patterns to the desired dimensions at 
the same time, a method in which the duty ratio of the 
second L&S pattern 12 is changed while the duty ratio 
of the first L&S pattern 11 is maintained at 0 . 5 can be 
used. 

The amplitude ratio (CO : Cl) of the zero-order 
diffraction light to the first-order diffraction light 
15 associated with image formation of the first L&S 

pattern 11 after they passed through the projection 
optical system 6 is set to 1 : 0.58. Further, the 
amplitude ratio of the diffraction lights associated 
with image formation of the second L&S pattern 12 is 
set to the same value. This can be attained by setting 
the duty ratio of the second L&S pattern 12 to 0.54. 

If the duty ratios are thus set, the amplitude 
ratio (CO : Cl) of the zero-order diffraction light to 
the first-order diffraction light of the light which 
25 passed through the projection optical system 6 in the 

first and second L&S patterns 11 and 12 is set to 1 : 
0.58. Therefore, it becomes possible to simultaneously 
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form and finish the first and second L&S patterns 11 
and 12 to desired dimensions. 

As described above, according to the present 
embodiment, the transmittance (transmission factor) 
characteristic of the projection optical system 6 is 
derived and the mask bias is derived by use of the 
transmittance characteristic. Therefore, an influence 
by the pupil transmission factor variation of the 
projection optical system 6 can be suppressed. 
Further, it becomes unnecessary to previously prepare 
photomasks having a plurality of different mask biases 
which cause an obstacle in the practical use and 
increase the cost, for example. 

In the present embodiment, the duty ratio of the 
second L&S pattern 12 is changed while the duty ratio 
of the first L&S patterns 11 is kept fixed. However, 
it is also possible to change the duty ratio of the 
first L&S pattern 11 while the duty ratio of the second 
L&S patterns 12 is kept fixed. In this case, the duty 
ratio of the first L&S pattern 11 is so set that the 
amplitude ratio (CO : Cl) of the zero-order diffraction 
light to the first-order diffraction light of the light 
which passed through the projection optical system 6 
will be set to 1 : 0.51. 

Further, in the present embodiment, a state in 
which two types of patterns are simultaneously finished 
to the desired dimensions is considered. However, even 



if three or more types of patterns are simultaneously 
finished to desired dimensions, all of the patterns can 
simultaneously be finished to the desired dimensions by 
use of the same method. 

Application of the method of the present 
embodiment is not limited to the L&S pattern and the 
method can be applied to a pattern such as an isolated 
line, isolated space, whole pattern or a pattern having 
two-dimensional repetitiveness . 

Further, application of the method of the present 
embodiment is not limited to the illumination condition 
in which the a value is set to approximately 0.3 and 
the method can be applied to any illumination 
condition. 

However, when a pattern of a complicated shape is 
used or the illumination condition of large a. value is 
set, complicated calculations are required to derive 
optimum mask bias. Therefore, in order to derive the 
optimum solution of the mask bias, a computer is used. 
In this case, instead of calculating the amplitude 
ratio of diffraction lights, the condition for the 
optimum mask bias may be derived by deriving the 
finished dimension of the resist pattern by computer 
simulation. 

Further, even when the behavior of the pupil 
transmission factor variation is different from that of 
the present embodiment (FIGS. 5A, 5B) , a resist pattern 



with an adequate dimension can be formed by, for 
example, deriving the optimum mask bias condition by 
computer simulation and reflecting the optimum mask 
bias condition on the mask bias design. 
(Second Embodiment) 

Next, the second embodiment is explained. In the 
following embodiments, the explanation is made on the 
assumption that the exposure device of FIG. 1 in the 
first embodiment is used. The same symbols as those 
in the drawings explained before denote the same or 
similar portions and the detail explanation thereof is 
omitted. 

As described before, for the correct operation of 
a semiconductor device, it is necessary to suppress 
a variation in the dimensional of the resist pattern 
to a sufficiently small value in the simultaneously 
exposed area having one side of 20 to 35 mm (one side 
of 80 to 140 mm in terms of the dimension of the 
photomask 5) on the photosensitive substrate (wafer) 7. 

In this case, since the pupil transmission factor 
variation occurs in the simultaneously exposed area, 
the pupil transmission factor variation causes a 
variation in the pattern dimension in the simultane- 
ously exposed area. The reason why the pupil 
transmission factor variation occurs in the simultane- 
ously exposed area can be considered as follows. 

FIGS. 7A and 7B are show cases wherein optical 
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paths 21 to 23 of first diffraction lights in the 
projection optical system 6 which reach a portion PI 
near the center of the simultaneously exposed area and 
optical paths 24 to 26 of second diffraction lights in 
5 the projection optical system 6 which reach a portion 

P2 near the end of the simultaneously exposed area are 
different from each other. 

The incident angles of the first and second 
diffraction lights with respect to the lens configuring 
10 the projection optical system 6 and the distances 

through which they pass in the internal portion of the 
lens material are different from each other. As a 
result, different pupil transmission factor variations 
are measured at the point PI near the center of the 
15 simultaneously exposed area and at the point P2 near 

the end of the simultaneously exposed area. 

A method for suppressing a variation in the 
pattern dimension caused by occurrence of the pupil 
transmission factor variation in the simultaneously 
20 exposed area is explained. In this example, each of 

mask patterns Mil to M13 in fine regions Pll to P13 
in the simultaneously exposed area of the photomask 5 
is an L&S pattern of the same dimension and shape 
(FIG. 8A) . Further, it is assumed that the dimension 
25 of the resist pattern varies between regions 11' to 13' 

on the photosensitive substrate corresponding to the 
regions 11 to 13 due to the pupil transmission factor 



variation ( FIG . 8B) . 

First, the transmission factors of light in the 
projection optical system 6 which reach the regions 11 
to 13 in the simultaneously exposed area are measured 
and the pupil transmission factor variation of the 
projection optical system 6 is derived. As the 
measurement method, the method described in Jpn. Pat. 
Appln. KOKAI Publication No. 2001-230179 which is the 
invention made by the head inventor of the present 
application, for example, is used as described in the 
first embodiment. 

Next, the optimum value of mask bias is calculated 
for each of the regions 11 to 13 in the simultaneously 
exposed area by computer simulation by taking the pupil 
transmission factor variation into consideration. 

In this case, the optimum value of mask bias for 
each of the regions in the simultaneously exposed area 
indicates the magnitude of mask bias which causes the 
patterns of the same shape lying in a plurality of 
different portions in the simultaneously exposed area 
to be finished to desired dimensions at the same time. 
Further, it indicates that mask bias of mask patterns 
used to form resist patterns of the same shape can be 
changed for respective regions of the simultaneously 
exposed area. 

Some methods for determining the mask bias optimum 
value for each region can be considered. For example, 
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a certain reference state is determined and mask bias 
of all of the patterns may be changed so as to set all 
of the patterns into the same state as the reference 
state. Alternatively, a certain region in the 
5 simultaneously exposed area is set as a reference state 

and mask bias may be determined to make the state of 
an image in another region coincident with the 
reference state. 

Finally, the photomask 5 is designed and 

10 manufactured by use of the thus derived mask bias. 

It is confirmed that a variation in the dimension of 
a resist pattern formed by transferring the thus 
designed photomask 5 in the simultaneously exposed area 
is suppressed as shown in FIGS. 9A and 9B . 

15 FIGS. 9A and 9B show a state in which a variation 

in the dimension as shown in FIGS. 8A and 8B is 
suppressed by adjusting the mask biases in the regions 
P12, P13 with respect to the region Pll set as 
a reference. In FIG. 8A, a reference symbol 17 denotes 

20 a simultaneously exposed area. 

That is, in the region P12, the resist pattern 
dimension of the region on the photosensitive substrate 
7 corresponding to the region P12 is reduced by 
applying mask bias used to reduce the width (line 

25 width) of the light shielding region to the designed 

dimension. Further, in the region P13, a variation in 
the dimension can be suppressed by increasing the 
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resist pattern dimension of the region on the photo- 
sensitive substrate 7 corresponding to the region P13 
by applying mask bias used to make large the width of 
the light shielding region to the designed dimension. 
5 (Third Embodiment) 

FIG. 10 is a flowchart for illustrating a 
photomask designing method according to a third 
embodiment of the present invention. 

A method which simultaneously uses the method for 
10 suppressing the dimension variation in the simultane- 

ously exposed area explained in the second embodiment 
and the method explained in the first embodiment, that 
is, the method for finishing the L&S patterns having 
the same shape and different dimensions to the desired 
15 dimensions at the same time can be carried out. The 

above method is explained as the photomask designing 
method of the present embodiment. 

First, the transmission factors of light in the 
projection optical system 6 which reach a plurality of 
20 regions in the simultaneously exposed area are measured 

and the pupil transmittance variation characteristic of 
the projection optical system 6 is derived (step SI) . 

Next, the shape and dimension of the resist 
pattern are estimated by known simulation by taking the 
25 pupil transmittance variation characteristic acquired 

in step SI into consideration (step S2) . 

Then, a pattern (reference pattern) used as 
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a reference is selected and mask bias used to set the 
reference pattern to a desired dimension (designed 
dimension) is set (step S3) . 

The reference pattern may be selected from 
5 a photomask 5 actually used or may be set to a pattern 

(imaginary pattern) different from the pattern in the 
photomask 5 actually used. 

Next, mask bias (first mask bias) is determined 
for each of a plurality of regions in the simultane- 
10 ously exposed area so as to make the dimension of 

a pattern formed on the photosensitive substrate 
(finished dimension) corresponding to the reference 
pattern equal to the finished dimension corresponding 
to a pattern having the same shape and dimension as the 
15 reference pattern which exists in the simultaneously 

exposed area on the photomask 5 (step S4) . 

If the imaginary pattern is used as the reference 
pattern in step S3, the step S4 is carried out on the 
assumption that the imaginary pattern exists in the 
20 photomask 5 (this applies to the following steps) . 

Next, mask bias (second mask bias) of a non- 
reference pattern is determined for each region in the 
simultaneously exposed area so as to simultaneously set 
the finished dimensions of the reference pattern and 
25 the pattern (non-reference pattern) having a shape and 

dimension different from those of the reference pattern 
among the patterns in the photomask 5 to desired 



dimensions (step S5) . 

After this, the photomask 5 is designed by use of 

the first and second mask biases (step S6) . 

In a modification of the present embodiment, it is 

possible to provide a method for setting a region 
(reference region) which is used as a reference in the 

simultaneously exposed area in step S3 and determining 

mask biases for respective types of patterns to set 

desired patterns in the reference region to desired 
finished dimensions in step S4. Further, in the above 

method, it is possible to determine the mask biases for 
the respective types of patterns so as to suppress any 
variation in the finished dimensions of the patterns of 
the region other than the reference region in step S5. 

In another modification, it is possible to provide 
a method for respectively deriving pupil transmission 
factor variations for a plurality of regions in the 
simultaneously exposed area, deriving the average 
value of the pupil transmission factor variations and 
deriving mask biases for respective types of patterns 
by use of the averaged pupil transmission factor 
variation. In this case, common mask bias is given to 
patterns of the same type (patterns of the same shape 
and dimension) in all of the regions in the 
simultaneously exposed area. 

In the modification in which the common mask bias 
is used, an advantage that CAD data can be formed in 
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a short period of time when the photomask 5 is formed 
can be attained although an influence by the pupil 
transmission factor variation may be slightly given to 
some regions. If a variation in the pupil transmit- 
tance variation characteristic in the simultaneously 
exposed area is small, a variation in the dimension of 
the resist pattern can be easily suppressed by using 
the above method. 

(Fourth Embodiment) 

Next, a fourth embodiment is explained. In the 
present embodiment, a method for predicting an optical 
image formed on a photosensitive substrate is 
explained. 

First, the pupil transmittance variation 
distribution of a projection optical system 6 of the 
exposure device is measured. As the measuring method, 
a known method, for example, a method disclosed in Jpn. 
Pat. Appln. KOKAI Publication No. 2001-230179 is used. 
FIG. 11 shows the measurement result of the pupil 
transmittance variation distribution related to 
light which reach a plurality of regions P21 to P23 
in the simultaneously exposed area on a photomask 5. 
The ordinate and abscissa are coordinate axes used 
to express the position on the pupil plane which is 
normalized by use of the radius of a circular diaphragm 
of the projection optical system 6. 

Next, the measurement result is fitted to a series 
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expressed by linear coupling of a Zernike polynomial 
defined by a pupil coordinate system (p-cp coordinate) 
of the projection optical system 6 so as to derive 
expansion coefficients. The Zernike polynomial is 
5 defined in a unit circle which expresses the pupil 

plane. In the Zernike polynomial, higher order items 
starting from the first item (constant item) express 
more complicated shapes. The first (Z x ) to sixth (Z 6 ) 
items of the Zernike polynomial are expressed as 
10 follows. 

Zi (p, cp) = 1 

Z 2 (P, cp) = pcoscp 

Z 3 (p, cp) = psincp 

Z 4 (p, cp) = 2p 2 -l 
15 Z 5 (p, cp) = p 2 cos2cp 

Z6(P/ 9) = P 2 sin2cp 

A pupil transmission factor variation T(p, cp) at 
a desired point in the pupil is expressed by using the 
Zernike polynomial as indicated by the following 
20 equation. 

T(p,<f>) = ax Z 1 (p / </>) + a 2 Z 2 (P,<M + — 
n 

The sum related to *n" is adequately limited 
25 according to the required precision. In this case, a n 

is an expansion coefficient and contains two parameter 
information items (X coordinate and Y coordinate of 
an optical image) relating to the optical image formed 
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on the photosensitive substrate. 

The expansion coefficient derived by fitting by 
use of the Zernike polynomial for one (point P21) of 
pupil transmittance variation data items expressed 
in FIG. 11 is so set that a2 = 0.0194, a3 = -0.0054, 
a4 = 0.0040, a5 = -0.0202, a6 = 0.0110, a7 = -0.0019, 
a8 = -0.0074 and a9 = -0.0215. 

When the pupil transmission factor variation is 
approximated by the linear coupling of the Zernike 
polynomial, calculation routines for the aberration and 
pupil transmission factor variation in a simulator can 
be commonly used since the expansion using the Zernike 
polynomial is used in dealing with the aberration. 
Therefore, the advantage that the simulator can be 
easily configured by approximating the pupil 
transmission factor variation by the linear coupling 
of the Zernike polynomial can be obtained. 

Further, when the pupil transmittance variation 
distribution is expanded into a Zernike series, the 
respective terms have different influences on the 
optical image. Therefore, the advantage that the 
degrees of influence by the pupil transmission factor 
variation can be predicted to some extent based on the 
coefficients of the Zernike polynomial expansion by 
approximating the pupil transmission factor variation 
by the linear coupling of the Zernike polynomial can be 
obtained. 
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For example, the second item Z2 expresses a 
distribution as shown in FIG. 12 and shows a state in 
which the transmission factor of the optical path on 
the left side of the pupil and the transmission factor 
of the optical path on the right side of the pupil are 
different. That is, the second item has an influence 
similar to that caused by so-called telecentricity 
deviation in which the position of an image is deviated 
depending on the focus value. Therefore, the influence 
by the telecentricity deviation can be predicted to 
some extent based on the second term. 

Further, the fourth item Z4 expresses a 
concentric-form distribution as shown in FIG. 13 and 
shows a state in which the transmission factor of 
the optical path is made different according to the 
distance from the center of the pupil. The distance of 
the diffraction light passage position from the center 
of the pupil is related to the repetition rate of the 
mask pattern. Therefore, the variation in the optimum 
exposure light amount depending on the repetition rate 
of the mask pattern can be predicted to some extent 
based on the fourth term. 

The knowledge (in a physical sense) associated 
with the expansion coefficients of the Zernike 
polynomial as described above is effective in designing 
the mask pattern. 

Next, expansion coefficients obtained by expanding 



the pupil transmittance variation distribution into the 
Zernike polynomial are fetched as input parameters and 
an optical image is predicted by computer simulation by 
taking the pupil transmission factor variation into 
consideration. The prediction is made by use of 
computer software (program) . For this purpose, 
information on the expansion coefficients of the pupil 
transmission factor variation is previously held in the 
input file. The simulator (program) accesses the input 
file at the time of execution of the calculation and 
reads out numerical information in the input file. 

An example of the input file is as follows. 

File Name: input.txt 



al 1 

a2 0.0194 

a3 -0.0054 

a4 0.0040 

a5 -0.0202 

a6 0.0110 

a7 -0.0019 

a8 -0.0074 

a9 -0.0215 



The simulator (program) which reads out numerical 
information of the coefficients al to a9 from the input 
file calculates the pupil transmission factor variation 
T(p, (p) according to the equation (1) when a window 
function which will be described later is calculated 
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(in step S14 in FIG . 15) . 

FIG. 14 is a flowchart for illustrating a 
predicting method for the above optical image and shows 
one example of an algorithm of the simulator (program) . 

First, information associated with the luminance 
and the position of a desired first (k=l) point light 
source in a secondary light source is acquired (steps 
Sll, S12) . For example, the information is acquired by 
actual measurement or by calculation based on the 
specification value of the exposure device. 

Next, a mask pattern fk(X,Y) is subjected to the 
Fourier transform (Fk(p, cp) ) while taking the luminance 
and the position of the above point light source into 
consideration and the amplitude distribution and phase 
distribution of light on the pupil of the projection 
optical system 6 are acquired (step S13) . In this 
case, cp and p respectively indicate the angle and the 
length in the same-diameter direction which defines the 
polar coordinate on the pupil of the projection optical 
system 6. 

Then, a window function W(p, cp) containing a pupil 
transmission factor function A(p, cp) having pupil 
coordinate dependency is multiplied by F^ (A, cp) derived 
in step S13 (step S14) . The window function W(p, cp) is 
a function containing information of the aberration/ 
pupil transmission factor variation and the size of the 
pupil of the projection optical system. The aberration 
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(aberration data) is expressed by $ in the window 
function W(p, cp) . 

Next, the result (F] c (p / cp) * window function) 
obtained in step S14 is subjected to the Fourier 
5 inverse transform. Further, an image intensity 

distribution of light on the photosensitive substrate 
formed by the above point light source is derived from 
the result of the Fourier inverse transform (step S15) . 
Then, the image intensity distribution obtained 

10 in step S15 and the total sum of the image intensity 

distributions formed by the first to (k-l)th light 
sources are added together (step S16) . In the case of 
k=l in step S12, it is assumed that the total sum of 
the image intensity distributions formed by the first 

15 to (k-l)th light sources is zero. 

Then, the image intensity distributions formed by 
the n light sources in the secondary light source are 
added together by repeatedly performing the process of 
the step S12 to S16 (steps S17, S18) until k=l is 

20 attained. Thus, an optical image on the photosensitive 

substrate 7 is calculated. 

The process for adding the image intensity 
distributions together in step S16 can be collectively 
performed later. That is, the process of the step S12 

25 to S15 is repeatedly performed to derive n image 

intensity distributions corresponding to k=l to n in 
the secondary light source. Then, an optical image on 
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the photosensitive substrate 7 can be obtained by 
adding the n image intensity distributions together. 

In this example, an optical image is predicted, 
but a resist pattern can be predicted. As one example 
of a method for predicting the resist pattern, a known 
method for making a prediction based on convolution 
integral of the optical image calculated according 
to the flowchart of FIG. 14 and the exponential 
attenuation function containing a process factor, for 
example, the method described in the first embodiment 
(paragraph numbers 0020 to 0035) of Jpn. Pat. Appln. 
KOKAI Publication No. H8-148404 can be used. 

Further, in this example, as the orthogonal 
polynomial used to approximate the transmission factor 
variation of the projection optical system, the Zernike 
polynomial is used. However, if the transmission 
factor variation can be approximated by use of a less 
number of expansion coefficients, another orthogonal 
polynomial can be used. 
(Fifth Embodiment) 

FIG. 15 is a flowchart for illustrating a mask 
pattern forming method according to a fifth embodiment 
of the present invention. 

First, an aberration characteristic (lens 
aberration) of the exposure device and pupil 
transmittance variation characteristic are measured by 
a known method. Then, the aberration characteristic 
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and pupil transmittance variation characteristic are 
expanded into Zernike polynomials based on measurement 
data of the aberration characteristic (lens aberration) 
and pupil transmittance variation characteristic to 
5 acquire expansion coefficients (step S21). 

Next, data (mask pattern data) of a mask pattern 
designed on the assumption that none of the aberration 
and pupil transmission factor variation occur in the 
lens of the exposure device is formed (step S22) . 

10 Then, an optical image formed on the photosensi- 

tive substrate is predicted based on the mask pattern 
data, aberration data and pupil transmission factor 
variation data (step S23) . For example, prediction of 
the optical image can be made by calculating the 

15 optical image according to the method of the fourth 

embodiment by use of the mask pattern data, aberration 
data and pupil transmission factor variation data* 

After this, the optical image predicted in step 
S23 and the designed optical image formed on the 

20 photosensitive substrate are compared with each other 

(step S24) . 

As a result, if the difference between the two 
calculation results (the difference between the two 
optical images) lies outside the permissible range, 
25 pattern data is changed to reduce the difference for 

a pattern in the mask pattern* Thus, mask pattern data 
is newly formed (step S25) . 
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Then, the process returns to step S23 and an 
optical image is calculated again and the process of 
steps S23 to S25 is repeatedly performed until the 
difference calculated in step S24 comes into the 
5 permissible range. If mask pattern data which causes 

the difference to come into the permissible range is 
derived, a photomask is manufactured by use of the 
mask pattern data (step S26) . Further, when it is 
determined in step S24 that the difference between the 

10 optical images lies within the permissible range, the 

process proceeds to step S26. 

As shown in FIG. 16, the prediction method of the 
fourth embodiment and the designing method of the fifth 
embodiment can be carried out by use of a computer 

15 program product 32 on which a program executed by 

a computer system 31 having a computer is recorded. 
The computer program product 32 is a disk such as a 
CD-ROM, DVD, for example. 

In the case of a disk used to predict a pattern 

20 formed on the photosensitive substrate by illuminating 

light on the photomask and converging the light which 
has passed through the photomask on the photosensitive 
substrate via the projection optical system, the disk 
32 is configured to store program instructions for 

25 execution on a computer system enabling the computer 

system 31 to perform a process for approximating a 
transmission factor variation of the projection optical 



system which varies depending on a difference in 
optical paths of the projection optical system for 
the light passing through the projection optical system 
by use of an orthogonal polynomial defined by pupil 
coordinates of the projection optical system, and 
predicting the pattern based on expansion coefficients 
of the orthogonal polynomial used to approximate the 
transmission factor variation of the projection optical 
system. 

In the case of a disk used to design a photomask 
in a lithography process which includes illuminating 
light on the photomask, converging the light having 
passed through the photomask on a photosensitive 
substrate via a projection optical system and forming 
the pattern of the photomask on the photosensitive 
substrate, the disk 32 is configured to store program 
instructions for execution on a computer system 
enabling the computer system 31 to perform a process 
for designing a photomask, the photomask designing 
process comprising approximating a transmission factor 
variation of the projection optical system which varies 
depending on a difference in optical paths of the 
projection optical system for the light passing through 
the projection optical system by use of an orthogonal 
polynomial defined by pupil coordinates of the 
projection optical system, predicting a pattern formed 
by converging the light having passed through the 
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photomask on the photosensitive substrate via the 
projection optical system based on expansion 
coefficients of the orthogonal polynomial used to 
approximate the transmission factor variation of the 
5 projection optical system, determining whether or not 

a difference between the predicted pattern and a 
designed pattern corresponding to the photomask lies 
within a preset range, and correcting the photomask to 
set the difference between the predicted pattern and 

10 the designed pattern into the preset range when the 

difference does not lie within the preset range. 

Additional advantages and modifications will 
readily occur to those skilled in the art. Therefore, 
the invention in its broader aspects is not limited to 

15 the specific details and representative embodiments 

shown and described herein. Accordingly, various 
modifications may be made without departing from the 
spirit or scope of the general inventive concept as 
defined by the appended claims and their equivalents. 



